Growth in the postnatal mammalian heart is principally via hypertrophy, as opposed to hyperplasia, since the vast majority of cardiac myocytes are terminally differentiated. Hypertrophy can be either physiologic (i.e., normal growth or exercise-induced growth) or pathological, induced by stresses, such as pressure overload secondary to hypertension or valvular disease, or occurring as a result of mutations in a number of proteins making up the contractile apparatus of the myocyte (14, 17, 44) . Growth of cardiac myocytes is regulated by a number of parallel but intersecting signaling pathways that transduce signals to the nucleus, leading to the reprogramming of gene expression (reviewed in references 14 and 17). One central pathway for which abundant evidence exists, implicating it in the regulation of both normal and pathological stressinduced growth, is the phosphatidylinositol 3-kinase pathway and its downstream targets (38, 47, 50) . One such target is the protein kinase glycogen synthase kinase 3␤ (GSK-3␤) (2, 20, 43) . This kinase appears to be a negative regulator of both normal and pathological cardiac growth in vivo, although this conclusion is based entirely on studies employing transgenic mice overexpressing GSK-3␤ (1, 40) .
GSK-3␤ has a number of substrates that are known or putative regulators of growth, including transcription factors (e.g., GATA-4 and members of the NF-AT family) and a regulator of protein translation (eIF2B) (1, 20, 22, 42, 63, 64) .
However, the roles of GATA-4 and eIF2B in postnatal heart growth in vivo are not clear. Furthermore, while NF-ATc3 regulates, in part, the hypertrophic response to pressure overload, it appears to play little role in normal cardiac growth (64) . Therefore, the profound growth retardation of the heart we observed in the transgenic mouse expressing GSK-3␤ (40) suggested additional factors downstream of GSK-3␤ might be relevant to growth control. Herein we explore the role of one candidate, the transcriptional regulatory pathway controlled by ␤-catenin/T-cell factor/lymphocyte enhancer factor (␤-catenin/ Tcf/Lef).
␤-Catenin functions as both a component of the adherens junction, where it links cadherins to the cytoskeleton, and as a transcriptional activator (4, 46) . Cytosolic ␤-catenin levels are regulated by a multimolecular complex assembled on the scaffolding proteins Axin and Presenilin 1 (reviewed in references 16, 46, and 52) . Within the Axin complex is the adenomatous polyposis coli gene product, APC, which binds both ␤-catenin and Axin, tethering the former to the latter. GSK-3␤ is also in this complex, and when ␤-catenin is phosphorylated by GSK-3␤, it is targeted for ubiquitination and degradation by the proteasome (35) . Inhibition of GSK-3␤ is thus essential to the stabilization of ␤-catenin.
When cytosolic levels of ␤-catenin increase, such as that which occurs following stimulation with Wnts in the canonical pathway, ␤-catenin translocates to the nucleus, where it partners with members of the Tcf/Lef family to induce transactivation of genes containing Tcf/Lef promoter elements (25) . (␤-Catenin contains a transactivation domain but does not bind DNA in the absence of a cofactor, whereas Tcf/Lefs bind DNA but do not contain a transactivation domain.) This in-duces the expression of a large number of genes that regulate a host of developmental processes, including embryonic axis formation (for a list of Wnt target genes, please see the Wnt homepage at www.stanford.edu/ϳrnusse/wntwindow.html.).
During cardiac development, the canonical Wnt/␤-catenin pathway plays various roles. Since mice deleted for ␤-catenin have multiple ectopic hearts (33) , the pathway appears to antagonize cardiomyocyte differentiation and/or to restrict the size of the cardiogenic field (15) . In addition, later in development, the pathway, acting in part via Pitx2, a member of the bicoid family of transcription factors, is critical for cushion morphogenesis, outflow tract development, and valve formation (26, 27) .
Postnatally, in cells that are capable of entering the cell cycle, ␤-catenin drives cells toward proliferation and away from differentiation (58) . However, it is not clear what role, if any, the transactivating activity of ␤-catenin plays in the growth of cardiomyocytes or, for that matter, the growth of any terminally differentiated cell.
Previously, we demonstrated that ␤-catenin was stabilized and a Tcf/Lef reporter was activated by hypertrophic stimuli in terminally differentiated neonatal cardiomyocytes in culture, and that this occurred via a Wnt-independent mechanism (21). In addition, overexpression of a stabilized mutant of ␤-catenin via adenovirus-mediated gene transfer was sufficient to drive hypertrophic growth in these cells (21) . However, it is unclear whether this pathway plays any role in vivo in physiologic growth or in pathological stress-induced growth of the heart. Herein, utilizing Cre/loxP technology (7) and a tamoxifeninducible, cardiac-specific Cre transgenic mouse (54), we demonstrate that targeted deletion of ␤-catenin in the heart leads to a blunted hypertrophic response to pathological stress-induced growth. We further demonstrate that expression of a dominant inhibitory mutant of Lef-1, which blocks expression of ␤-catenin/Tcf/Lef-dependent genes, leads to dramatic reductions in cardiomyocyte growth, suggesting that the transcriptional activating activity of ␤-catenin, as opposed to its role at the adherens junction, is critical to heart growth. These data are the first of which we are aware to demonstrate an essential role in vivo for the ␤-catenin/Tcf/Lef pathway in the biology of terminally differentiated cells.
MATERIALS AND METHODS
Protocol for conditional deletion of ␤-catenin. The breeding scheme for conditional deletion of ␤-catenin involved crossing the ␤-catenin fl/fl mouse obtained from Jackson Laboratories (7, 33) with the heterozygous Mer-Cre-Mer mouse. The latter expresses Cre flanked by two modified estrogen receptors that are responsive to tamoxifen (54) . The Mer-Cre-Mer transgene is driven by the ␣-myosin heavy chain (MHC) promoter and therefore is only expressed in cardiomyocytes. This led to the generation of two genotypes: ␤-catenin fl/fl /wild type (WT) and ␤-catenin fl/fl /Cre. An additional control was WT/Cre. Genotyping was performed with PCR using specific primers as described previously (7, 33, 54) . Mer-Cre-Mer expression levels, determined by immunoblotting with an anti-Cre antibody, were equal in the ␤-catenin fl/fl /Cre versus WT/Cre mice (data not shown). At 5 weeks of age, mice from the three genotypes underwent intraperitoneal injection with tamoxifen (20 mg/kg of body weight [Sigma] dissolved at a final concentration of 4 mg/ml in 30% ethanol-sterile phosphatebuffered saline) or vehicle daily for 5 days. Success of recombination in the ␤-catenin fl/fl /Cre mice was determined based on immunocytochemistry and immunoblotting for ␤-catenin (Fig. 1) . This system has no detectable recombination in the absence of tamoxifen treatment (30, 51, 54) .
Creation of the Lef-1⌬20 transgenic mouse. The cDNA encoding Lef-1 deleted for the first 20 amino acids and containing an amino-terminal hemagglutinin (HA) epitope tag was subcloned into the 5.5-kb murine ␣-myosin heavy chain promoter expression vector (a gift from Jeffrey Robbins, Children's Hospital, Cincinnati, OH). The injection fragment was gel purified, reconstituted in 2 mM Tris-HCl (pH 7.5)-20 M EDTA, and injected into fertilized eggs from FVB/N mice. The eggs were then transferred to the oviducts of pseudopregnant females. Founders were then crossed into C57Bl6/J. Line 1 was studied as F 1 but then was lost due to early postnatal lethality (see Results). Line 2 was studied at F 5 .
Immunoblotting and quantification. Cell lysates and lysates from hearts for Western blotting were prepared as previously described (21) . After sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transfer to nitrocellulose, membranes were incubated with one of the following antibodies: hemagglutinin (HA) and c-Myc from Santa Cruz Biotechnology, Inc.; ␤-catenin from BD Transduction Labs, Inc.; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from Research Diagnostics, Inc.; vinculin from Sigma; and Cre from Novagen. The Lef-1 antibody was a kind gift of Elaine Fuchs, Rockefeller University. Blots were incubated with primary antibodies overnight and with the appropriate secondary antibody for 1 h at room temperature. Antibody binding was detected with a peroxidase-conjugated goat anti-rabbit or anti-mouse immunoglobulin G (DAKO) and chemiluminescence (Amersham). Quantification of expression levels of proteins was done by determining band density on immunoblots using a ChemiImager 4400 imaging system with the AlphaEase software package. For quantification, band density for the protein of interest was normalized to either GAPDH or vinculin, which served as a loading control.
RT-PCR. RNA from hearts was isolated with Tri-Reagent (Sigma) following the manufacturer's suggested protocol. A ThermoScript reverse transcriptase PCR (RT-PCR) kit (Invitrogen) was used for cDNA synthesis. Semiquantitative RT-PCR was carried out for ␤-myosin heavy chain (␤-MHC), ␣-skeletal actin, atrial natriuretic factor (ANF), and brain natriuretic peptide (BNP) using primers described previously (45) . Amplification was for 26 cycles. For normalization VOL. 26, 2006 ␤-CATENIN REGULATES CARDIAC HYPERTROPHY 4463 control, primers specific for GAPDH were the following: 5Ј-ATGGTGAAGGT CGGTGTGAAC-3Ј and 5Ј-CGTTCACACCGACCTTCACCAC-3Ј. PCR products were separated on an agarose gel and visualized and quantified with the Quantity One system from Bio-Rad. Thoracic aortic constriction (TAC). The method of thoracic aortic constriction was that developed by Rockman and coworkers (53) . In brief, a 27-gauge needle is placed adjacent to the thoracic aorta, and then a nylon suture ligature is tied around the vessel and the needle. The needle is then withdrawn, leaving a stenosis of approximately 65 to 70% in the aorta between the innominate artery and the left carotid artery.
Morphometric measures. For determination of myocardial mass, animals were anesthetized and then were sacrificed with an injection of cardioplegia solution (at 4°C) (21) . The hearts were carefully excised, and heart weight was determined. The left ventricle (LV) was then carefully trimmed away from the right ventricle and atria, and it was weighed. The length of the right tibia was also determined. Heart weight and LV weight were expressed relative to body weight and to tibial length.
Cardiomyocyte isolation and immunocytochemistry. Adult mouse cardiomyocytes were isolated as previously described (40) . Briefly, mice were administered heparin intraperitoneally (200 U) and were then anesthetized with intraperitoneal doses of ketamine (150 mg/kg) and xylazine (15 mg/kg). The hearts were quickly excised and perfused with 1.8 mM Ca 2ϩ Tyrode buffer (137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 0.5 mM MgCl 2 , 10 mM HEPES, 10 mM glucose, pH 7.4, at 37°C) followed by Ca 2ϩ -free Tyrode (135 mM NaCl, 4 mM KCl, 1 mM MgCl 2 , 10 mM HEPES, 0.33 mM NaH 2 PO 4 , 10 mM glucose, 10 mM 2,3-butanedione monoxime, pH 7.2, at 37°C). Hearts were then digested with Ca 2ϩ -free Tyrode containing 0.014% collagenase B and 0.05% collagenase D (Boehringer Mannheim) as well as 0.005% protease XIV (Sigma Chemical Co.). After the hearts were palpably flaccid, the LV was separated, minced, and gently agitated in Ca 2ϩ -free Tyrode buffer, allowing the myocytes to be dispersed. The cells were subsequently resuspended in Tyrode buffers with gradually increasing Ca 2ϩ concentrations (0.06, 0.24, 0.6, and 1.2 mM Ca 2ϩ ). Cells were then plated on glass slides precoated with laminin, fixed in formalin, washed in phosphatebuffered saline, and stored in phosphate-buffered saline until used.
For determination of cardiomyocyte width, slides were incubated with the anti-␤-catenin antibody at 1:500 dilution for 1 h at room temperature and then incubated with Cy3-conjugated rabbit anti-mouse secondary antibody (1:5,000) for 1 h at room temperature, followed by incubation in 4Ј,6Ј-diamidino-2-phenylindole (DAPI; 1:10,000) for 5 min. Cells were imaged with a Nikon Eclipse E800 microscope and photographed with a Hammamatsu Orca digital camera. Cardiomyocyte width was determined with OpenLab software (Improvision).
Determination of cardiomyocyte cross-sectional area in heart sections. Paraffin-imbedded sections were deparaffinized, rehydrated, and incubated for 1 h with fluorescein isothiocyanate (FITC)-conjugated wheat germ agglutinin per the manufacturer's recommendations (Biomeda). Slides were rinsed in phosphate-buffered saline and then mounted in Vectashield mounting solution.
Random fields from both the septum and LV free wall were photographed by an observer blinded to the genotypes. Cardiomyocyte cross-sectional area was then determined by the same observer, who remained blinded. Only cardiomyocytes cut in short axes were measured. Data analysis was with OpenLab software.
Echocardiography. Transthoracic echocardiography was performed under light sedation with 1.5% isoflurane administered via nose cone while the core body temperature was maintained at 37.0 Ϯ 0.2°C using a closed loop system (Barnant Company, Barrington, IL). Cardiac dimensions and wall thicknesses were obtained from two-dimensional-guided M-mode echocardiograms as described previously (21, 59) . LV mass calculated with the formula LV mass
where PWT is posterior wall thickness and EDD is end-diastolic dimension. Although absolute values for LV mass by echocardiography are consistently greater than direct LV mass measurements, the two are highly correlated (r ϭ 0.97 for these studies).
Invasive hemodynamic monitoring. Hemodynamic evaluation was performed as described previously (21, 59) using 2.0% isoflurane anesthesia administered via nose cone. Pressures were acquired from the right internal carotid artery, ascending aorta, and the left ventricle. A 1.4 French microtip pressure transducer (Millar Instruments, Inc., Houston, TX), connected to a computerized data acquisition system (Powerlab; ADInstruments, Grand Junction, CO), was used to record hemodynamic measurements. Chart 4 data analysis software (ADInstruments, Grand Junction, CO) was used to calculate the first derivative of the pressure curves (dP/dt) and the heart rates. LV end diastolic pressures were obtained by averaging five measurements taken at the end of expiration.
Statistical analyses. Data were analyzed by one-way analysis of variance followed by Fisher's test, except for the determination of differences between data sets in Fig. 3B . For this figure, a single linear regression model of the two sets of data was completed, using an indicator variable to distinguish experimental sets. The initial model allowed both intercept and slope to differ by experiment. If the intercepts were not significantly different, this term was dropped from the model, and a test of slope differences was then considered. Computations were completed in SAS version 9.1. Significance was set at P Ͻ 0.05. All data are presented as means Ϯ standard errors of the means unless otherwise noted.
RESULTS
Deletion of the ␤-catenin gene is uniformly embryonic lethal at about embryonic day 8.5 (19) . Therefore, we turned to the ␤-catenin fl/fl mouse (7, 33) , crossing it with a cardiac-specific transgenic mouse expressing a fusion protein of a modified estrogen receptor flanking the Cre protein under the control of the ␣-MHC promoter (54) . The activity of the Cre protein can be induced following administration of tamoxifen, which binds to the modified estrogen receptors, displacing heat shock proteins that constitutively bind to and inhibit Cre activity (54) .
We first determined the success of Cre-mediated recombination in tamoxifen-treated ␤-catenin fl/fl /Cre mice. We isolated myocytes from the hearts of ␤-catenin fl/fl /Cre mice treated with tamoxifen and quantified the percentage of cardiomyocytes in which ␤-catenin was successfully deleted. At 10 days after completion of the tamoxifen injections, some ␤-catenin remained in the adherens junctions, consistent with this pool not being freely interchangeable with the cytosolic pool (Fig. 1A , top left panel). Six weeks after treatment with tamoxifen, however, ␤-catenin was virtually undetectable in 54% Ϯ 8% of cardiomyocytes (n ϭ 7; Fig. 1A, bottom panel) . However, immunoblotting whole-heart lysates for ␤-catenin showed a more marked (87%) decrease in expression levels (Fig. 1B) . This suggests that many of the cardiomyocytes that did stain positive for ␤-catenin after tamoxifen treatment may have had one allele deleted by Cre-mediated recombination (note the intermediate level of staining in two of the myocytes in bottom panel of Fig. 1A) .
␤-Catenin regulates pressure overload-induced hypertrophy. We next examined what role, if any, ␤-catenin plays in pathological stress-induced hypertrophy following pressure overload. We first asked whether deletion of ␤-catenin had the expected effect on expression levels of ␤-catenin/Tcf/Lef target genes. This is particularly relevant, since upregulation of either ␥-catenin/plakoglobin or p120-catenin could compensate for the loss of ␤-catenin (48), although we did not detect this in our model (data not shown). We found that expression of two bona fide targets, c-Myc and c-Fos (23, 48) , was reduced in tamoxifen-treated ␤-catenin fl/fl /Cre mice compared to that for vehicle-treated mice (Fig. 2) . For example, expression of c-Myc was 2.5-fold greater in vehicle-treated ␤-catenin fl/fl /Cre mice post-TAC compared to that of mice treated with tamoxifen ( Fig. 2) . We also found a 33% reduction in expression of Connexin 43, a gap junction structural protein that is also a target of ␤-catenin (P ϭ 0.028; data not shown). We examined other targets of ␤-catenin, including cyclin D1 and Pitx2, but consistent with prior reports in the literature, cyclin D1 (as with D2 and D3) was virtually undetectable in our adult hearts (49) . Similarly, we did not detect Pitx2, consistent with it not having been found to be expressed in adult heart based on the National Center for Biotechnology Information analysis of expression patterns of expressed sequence tags. In summary, although the regulation of c-Myc and c-Fos expression, like many ␤-catenin targets, is complex (3), these data confirm that expression of c-Myc and c-Fos in the heart post-TAC is, in large part, dependent on ␤-catenin, and that ␤-catenin/Tcf/ Lef-dependent gene expression is indeed reduced in the ␤-catenin fl/fl /Cre mouse treated with tamoxifen.
We then tested whether deletion of ␤-catenin impaired the hypertrophic response to pressure overload induced by TAC. Five-week-old female ␤-catenin fl/fl /Cre mice were intraperitoneally injected for 5 days with tamoxifen or placebo. At 11 weeks of age, animals underwent echocardiographic examination followed by TAC or sham TAC. Two weeks later animals again underwent echocardiography, as well as hemodynamic assessment for determination of the pressure load placed on the ventricle by the TAC, and then were sacrificed for determination of morphometric measures of hypertrophy.
The echocardiographic evaluation prior to TAC (to screen for any differences in baseline LV size or function in the ␤-catenin fl/fl /Cre mice treated with tamoxifen versus placebo) showed no differences in heart rate, chamber size (EDD), contractile function (FS), LV mass, or LV mass indexed to body weight and tibial length (Table 1) . Similarly, there were no differences in any of the morphometric measures between ␤-catenin fl/fl /Cre mice treated with tamoxifen versus those treated with placebo and subjected to sham surgery (Table 2) . However, following TAC, there was significantly less hypertrophy, despite equivalent pressure loads (see Table 3 ), in the ␤-catenin fl/fl /Cre mice treated with tamoxifen compared to those treated with placebo, whether assessed by echocardiography or by morphometric measures (Tables 1 and 2; Fig. 3A ). Not surprisingly, the reduced hypertrophy in the ␤-catenin fl/fl /Cre mice treated with tamoxifen and subjected to TAC was not caused by the 5 days of tamoxifen injections given 6 weeks prior to banding, since the ␤-catenin fl/fl /WT mice treated with tamoxifen had normal baseline parameters and TAC-induced hypertrophy was normal (i.e., equivalent to that of ␤-catenin fl/fl /Cre mice treated with placebo and significantly greater than that of ␤-catenin fl/fl /Cre mice treated with tamoxifen [ Fig. 3A] ). Of note, the inability of the ␤-catenin fl/fl /Cre mice treated with tamoxifen to hypertrophy normally in response to hemodynamic stress did not result in impaired LV systolic or diastolic fl/fl /Cre mice, treated with tamoxifen or placebo, and subjected to TAC or sham TAC. Mice underwent the protocol described for panel A. Prior to sacrifice, they underwent invasive hemodynamic assessment with a micromanometer-tipped catheter followed by determination of the ratio of LV mass to tibial length (LVM/TL). Correlation coefficients for the two groups (r ϭ 0.76 and 0.92) were significant at P Ͻ 0.001. The slope of the regression line for ␤-catenin fl/fl /Cre mice treated with tamoxifen, identified with an arrow, is significantly less than that for the ␤-catenin fl/fl /Cre mice treated with placebo. n ϭ 8 for each TAC group, and n ϭ 5 for each sham group. C. Direct determination of cardiomyocyte width. Cardiomyocytes were isolated from ␤-catenin fl/fl /Cre mice treated with tamoxifen or placebo (TamoxifenϪ) or from WT/Cre mice (Cre) treated with tamoxifen that had been subjected to TAC or sham TAC. Cardiomyocyte width was determined after staining for ␤-catenin. ‫,ء‬ P Ͻ 0.05; #, P Ͻ 0.01. n ϭ 3 to 4 in TAC groups, and n ϭ 2 in sham groups. A minimum of 100 cardiomyocytes was measured per animal. Statistical significance was determined based on comparing the mean value of myocyte width for each animal, not total myocytes (i.e., n ϭ 3 to 4). D. Analysis of TAC-induced gene expression by RT-PCR. Expression of ␤-MHC, ␣-skeletal actin, and ANF in hearts of ␤-catenin fl/fl /Cre mice treated with tamoxifen or placebo and subjected to TAC or sham TAC. n ϭ 3 for TAC groups, and n ϭ 1 to 2 for sham groups. function or in LV dilatation as assessed by both echocardiography (Table 1 ) and invasive hemodynamic evaluation (Table 3) . Since the increase in LV mass is critically dependent on the pressure load faced by the left ventricle, we plotted LV mass/ tibial length (TL) determined at sacrifice as a function of LV systolic pressure determined by a micromanometer-tipped catheter immediately prior to sacrifice. The correlation coefficients for the regression lines relating LV systolic pressure (LVSP) to LV mass/TL were highly significant in both groups (P Ͻ 0.001). There was a statistically significant reduction in the slope of the regression line for the ␤-catenin fl/fl /Cre mice treated with tamoxifen (P ϭ 0.047; Fig. 3B ). Across the range of LVSPs in the groups, the ␤-catenin fl/fl /Cre mice treated with tamoxifen required ϳ20 to 25 mm Hg more LVSP to develop an amount of hypertrophy equivalent to that of the ␤-catenin fl/fl / Cre mice treated with placebo (Fig. 3B) .
To get a more direct assessment of cardiomyocyte hypertrophy, we examined width (concentric hypertrophy) and length (eccentric hypertrophy) of cardiomyocytes isolated from sham and banded ␤-catenin fl/fl /Cre mice treated with tamoxifen, comparing width and length in cells in which ␤-catenin had been deleted versus those in which it had not been deleted. Cardiomyocyte length was not affected by deletion of ␤-catenin, either in the sham or TAC group (data not shown). Of note, width of cardiomyocytes isolated from sham-operated animals in which ␤-catenin had been deleted was very slightly smaller than the width of the cells in which ␤-catenin had not been deleted (Fig. 3C, bars 1 and 2 ). This was somewhat surprising, since over 85% of heart growth is achieved by 5 weeks of age (36) , the time at which the tamoxifen injections were started. Thus, with only 15% of growth remaining to occur after the injections, even the modest reduction in cardiomyocyte growth, as determined by cardiomyocyte width, suggests that ␤-catenin may also play a role in normal growth of the heart, a contention that is supported by the complementary studies with the Lef-1⌬20 transgenic line described below.
When we examined the effects of deletion of ␤-catenin on cardiomyocyte hypertrophy post-TAC, we found that cardiomyocyte width increased significantly less in the myocytes in which ␤-catenin was deleted (Fig. 3C, bar 4) compared to those in which ␤-catenin was not deleted (bar 3). Of note, the comparison of width of cardiomyocytes in bar 4 versus bar 3 is comparing cardiomyocytes from the same hearts. Thus, differences in width cannot be due to differences in loading conditions, since the myocytes were exposed to identical pressure loads.
The reduction in growth was not due to tamoxifen treatment per se or tamoxifen treatment in the setting of Cre expression, since hypertrophic growth in the WT/Cre transgenic cells treated with tamoxifen (bar 6) was comparable to growth in the cells of the ␤-catenin fl/fl /Cre mice treated with tamoxifen in which ␤-catenin fl/fl was not deleted (bar 3) and was significantly greater than growth in the cells in which ␤-catenin was deleted (bar 4). Growth in ␤-catenin fl/fl /Cre mice treated with placebo (in which ␤-catenin is not deleted; bar 5) was also greater than that in cells deleted for ␤-catenin (bar 4). The reduction in hypertrophy was also not due to enhanced apoptosis or reduced fibrosis in the ␤-catenin fl/fl /Cre mice treated with tamoxifen, since we saw very low rates of apoptosis by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling and minimal fibrosis by trichrome staining in these hearts and no differences between tamoxifen-and placebotreated groups (data not shown).
We also asked if deletion of ␤-catenin led to alterations in the expression of the hypertrophic gene program, a collection of genes, the expression of which is reinitiated by the stress of pressure overload. We found, consistent with the reduction in growth in the ␤-catenin fl/fl /Cre mice treated with tamoxifen, that there was less of an increase in expression of ␤-MHC and ␣-skeletal actin (the so-called fetal isoforms of these contractile elements) by semiquantitative RT-PCR (Fig. 3D) . Interestingly, deletion of ␤-catenin had no effect on upregulation of expression of the neurohormonal mediators ANF (Fig. 3D ) and BNP (data not shown), consistent with a divergence in mechanisms underlying induction of various components of the hypertrophic gene program.
Tcf/Lef signaling regulates cardiac growth. These data demonstrate that deletion of ␤-catenin in cardiomyocytes reduces the hypertrophic response to pressure overload. In addition, the cardiomyocyte width data from the sham-operated animals ( Fig. 3C) suggest that ␤-catenin/Tcf/Lef signaling may also regulate normal growth of the heart. To address this issue and to confirm that ␤-catenin/Tcf/Lef transactivating activity, rather than effects of loss of ␤-catenin at the adherens junction, was responsible for growth regulation, we chose to manipulate ␤-catenin/Tcf/Lef signaling by creating a cardiac-specific transgenic mouse expressing an inhibitory mutant of one of the four Tcf/Lef family members. This strategy has been employed by numerous investigators in multiple model systems, including our work in cardiomyocytes in culture (21) , as a means to study the effects of blocking ␤-catenin/Tcf/Lef-dependent gene expression (9, 24, 29, 32, 41, 57, 58, 61) . Based on RT-PCR, Tcf3 and Tcf4 are expressed in the heart and in cardiomyocytes isolated from the heart (Fig. 4D and data not shown) . We chose to express an inhibitory mutant of Lef-1 based both on the concept that the four family members are largely interchangeable and redundant (61) and the fact that Lef-1, in contrast to Tcf3 and Tcf4, does not interact with the corepres- 4 . Characterization of the Lef-1⌬20 transgenic line. A. Expression of HA-Lef-1⌬20. Anti-HA immunoblot of lysates from transgenic and wild-type hearts demonstrating expression of the Lef-1⌬20 transgene. B. Neonatal hearts expressing Lef-1⌬20 have reduced cardiac growth. Shown are hearts from a 5-day-old Lef-1⌬20 transgenic mouse (TG) from line 1 and a wild-type (WT) littermate. Note the foreshortened long axis of the ventricle in the TG. C. Cardiomyocyte size is reduced in the Lef-1⌬20 transgenic neonate. Sections of hearts from 5-day-old Lef-1⌬20 transgenic and wild-type mice were stained with FITC-conjugated wheat germ agglutinin to delineate the cardiomyocyte sarcolemma. The transgenic sample is notable for significantly decreased cross-sectional areas of the cardiomyocytes. Cardiomyocyte cross-sectional area is quantified in the lower panel. D. Expression of Lef-1⌬20 and Tcf4 by RT-PCR in TG and WT hearts. E. M-mode echocardiograms of 5-week-old wild-type and Lef-1⌬20 transgenic hearts, in which the transgene has inserted into the X chromosone, showing markedly decreased posterior wall (PW) and anterior wall (AW) thicknesses as well as a dilated ventricle (as evidenced by an increased end-diastolic dimension [EDD] ) and reduced contractile function (as evidenced by an increased end-systolic dimension [ESD]). F. Hematoxylin-and eosin (H and E)-stained sagittal section of an X chromosome-inserted Lef-1⌬20 transgenic heart. Note the markedly reduced wall thicknesses and the dilated ventricle. G. Cardiomyocyte size in the Lef-1⌬20 transgenic. H-and E-stained sections of the heart of a mouse from the X chromosome-inserted Lef-1⌬20 transgenic line. Notable are two vastly different populations of cardiomyocytes, one characterized by extremely small myocytes and the other by normal-sized myocytes. Also note the mosaic pattern with areas of hypotrophic myocytes adjacent to areas of normal-sized myocytes. H. Cardiomyocyte size in Lef-1⌬20 transgenic mice. Myocytes isolated from the X-inserted Lef-1⌬20 transgenic mouse versus wild-type littermates were stained with anti-␣-actinin antibody. Again, two populations are readily apparent in the transgenic. The lower right panel is a DAPI stain of the cells shown in the upper right panel, identifying nuclei. This demonstrates that the smaller myocyte is not a fragment of a larger normal myocyte. These grossly hypotrophic myocytes were never seen in the wild-type mice. I. Hypotrophic cardiomyocytes express Lef-1⌬20. Cardiomyocytes were stained with anti-Lef-1 antibody (upper panels) or DAPI (lower panels). Arrows identify nuclei of cells expressing Lef-1⌬20. All cells staining positive for Lef-1⌬20 expression were markedly hypotrophic. J. Quantification of cardiomyocyte width and length in the Lef-1⌬20-expressing cardiomyocytes versus those not expressing Lef-1⌬20. Also shown are values for myocytes isolated from wild-type mice. ‫,ء‬ P Ͻ 0.01 versus cells not expressing Lef-1⌬20 and versus wild type. #, P Ͻ 0.05 versus the wild type.
sor C-terminal binding protein (5, 56, 60) . Thus, we reasoned that using Lef-1 would help assure that the effects we observed were more likely due to loss of ␤-catenin/Tcf/Lef transactivating activity than to transcriptional repression by the C-terminal binding protein.
The mutant (Lef-1⌬20) is deleted for the amino-terminal 20 amino acids, a region which contains the primary ␤-catenin binding domain (13) . Thus, Lef-1⌬20 can occupy Tcf/Lef promoter elements but cannot efficiently interact with ␤-catenin and, thus, is transcriptionally inert (13, 61) . When expressed in cardiomyocytes in culture, the construct does function as a dominant negative based on its ability to block activation of a Tcf/Lef reporter in response to ␣-adrenergic agonists and expression of a stabilized mutant of ␤-catenin (21; unpublished data).
We generated two lines of Lef-1⌬20 mice (Fig. 4A) . In one (Fig. 4B) . In addition, when we characterized cardiomyocyte size of the transgenic neonates, this was significantly reduced (by ϳ30%) compared to that of wild-type littermates (Fig. 4C ).
In the second line, very few transgenic males survived to birth, and none survived for more than 1 to 2 days. However, transgenic females were born in approximately normal numbers (generally 4 to 6 per litter), consistent with the transgene having integrated into the X chromosome. We confirmed expression of the transgene in the heart both by immunoblot (Fig. 4A ) and by RT-PCR (Fig. 4D ). Echocardiography at 5 weeks of age confirmed that LV posterior wall thickness was markedly reduced (by an average of 22%), compatible with a limited ability of cardiomyocytes from these mice to undergo concentric hypertrophy ( Fig. 4E ; Table 4 ). In addition, the ventricles were significantly dilated with depressed contractile function ( Fig. 4E; Table 4 ), a phenotype consistent with a severe dilated cardiomyopathy. This was confirmed with hematoxylin and eosin staining of sagittal sections of hearts from these mice (Fig. 4F) .
We then examined cardiomyocyte size in hematoxylin-and eosin-stained sections of the hearts. Not surprisingly, given that the transgene had integrated into the X chromosome and given the phenomenon of X chromosome inactivation (8), we found two very distinct populations of cells. One population was dramatically reduced in size, and the other population appeared normal (Fig. 4G) . The hypotrophic cells were clustered in a mosaic pattern, consistent with the origins of these clusters from single cells that have undergone X inactivation of the chromosome not containing the transgene (8) . We then examined cardiomyocytes isolated from the hearts of Lef-1⌬20 transgenics. Again we found two populations of cells, one that appeared normal and one demonstrating a remarkable inability to concentrically hypertrophy ( Fig. 4H and I) . Critically, immunocytochemistry confirmed that it was specifically the hypotrophic cardiomyocytes that expressed Lef-1⌬20 (Fig. 4I) . Quantification confirmed the marked inability to undergo concentric hypertrophy (Fig. 4J) . Of note, the cardiomyocytes that did not express Lef-1⌬20 were significantly larger (by ϳ25%) compared to the wild type, likely consistent with reactive hypertrophy in response to increased wall stress in the transgenics (Fig. 4J) . Interestingly, cardiomyocyte length was increased in the transgenics, irrespective of whether cells did or did not express Lef-1⌬20, suggesting eccentric hypertrophy was not impaired. In summary, in the same heart with the two populations of cells exposed to identical conditions, the cells expressing Lef-1⌬20 exhibited a profound inability to concentrically hypertrophy. These data confirm that Lef-1⌬20 acts in a cell-autonomous manner to markedly restrict cardiomyocyte growth.
DISCUSSION
In this paper, we demonstrate that ␤-catenin/Tcf/Lef signaling regulates both physiologic hypertrophy (normal growth) and pathological hypertrophy of the heart. Canonical Wnt signaling has been shown to play a role in axon remodeling in neurons, which, like cardiomyocytes, are terminally differentiated. However, the pathway regulating this diverges from the canonical pathway downstream of GSK-3␤ and does not require ␤-catenin or Tcf/Lef (12) . Thus, we believe that regulation of growth may be the first function identified in vivo for ␤-catenin/Tcf/Lef-dependent genes in terminally differentiated cells of the postnatal mammal.
The GSK-3␤/␤-catenin/Tcf/Lef signaling pathway and cardiomyocyte growth. GSK-3␤ is a potent inhibitor of both physiologic and pathological hypertrophic growth in vivo, and inhibition of GSK-3␤ appears to be necessary for hypertrophic growth to occur (1, 40) . The best studied route to inhibition of GSK-3␤ and subsequent activation of ␤-catenin signaling is the canonical Wnt pathway. Following Wnt stimulation, GSK-3␤ is inhibited by the concerted actions of Dvl and Frat1/GBP, though the precise mechanism of inhibition of GSK-3␤ is not clear (62) . This inhibition of GSK-3␤ allows ␤-catenin to escape ubiquitination and degradation via the proteasome pathway (35) . As a result, cytosolic levels of ␤-catenin rise, resulting in nuclear translocation and transcriptional activation. We have found that in cardiomyocytes, hypertrophic stimuli (␣-adrenergic or endothelin-1 stimulation in vitro or pressure overload in vivo) can also lead to the stabilization of ␤-catenin, but this occurs via a Wnt-independent mechanism that involves Akt-mediated phosphorylation and inhibition of GSK-3␤ occurring within the Axin complex (21) . Others have more recently confirmed the ability of heterotrimeric G protein-coupled receptors to co-opt Wnt pathway components, including Axin, to signal downstream to ␤-catenin (10).
␤-Catenin is known to play a critical role in cardiac development. It is essential for endothelial-mesenchymal transformation, a process that is required for formation of the endocardial cushions which give rise to the cardiac outflow tract and valves (26, 27, 34) . Since this process does not involve ␤-catenin signaling in cardiomyocytes, not surprisingly the outflow tract and valves were normal in our mice, including the Lef-1⌬20 mouse, based on echocardiogrpahic, Doppler, and postmortem examination (data not shown).
We first studied the APC Ϫ/ϩ mouse, which is heterozygous for the multiple intestinal neoplasia mutation (55) . This mutation is in the gene coding for APC. However, in concordance with the findings in colonic carcinoma cells heterozygous for the minus mutation, in which deletion or mutation of the remaining wild-type allele must occur before the cells are transformed (31) , the APC Ϫ/ϩ mouse demonstrated only very minimal increases in cytosolic ␤-catenin in the heart (data not shown). Despite this minimal increase, heart weight/body weight ratios in the APC Ϫ/ϩ mouse were statistically, though very minimally (4%), larger (P Ͻ 0.05; data not shown).
Therefore, we turned to more robust models. Studies with the first model, conditional cardiomyocyte-specific deletion of ␤-catenin, confirmed a role for the pathway in stress-induced hypertrophic growth and in stress-induced expression of at least part of the hypertrophic gene program. Since only 50 to 60% of the cardiomyocytes were completely deleted for ␤-catenin, it is likely that our data significantly underestimate the contribution of the ␤-catenin/Tcf/Lef pathway to stress-induced growth.
Determination of cardiomyocyte size in this model also suggested a role for ␤-catenin/Tcf/Lef signaling in normal growth, despite the fact that the tamoxifen injections were started at 5 weeks of age, a time before which we did not think it was reasonable to begin injections but at which point the majority of heart growth has already occurred. Thus, evaluating the role of the pathway in regulating normal growth required a second model. Given the vast experience of numerous investigators employing inhibitory mutants of Tcf/Lef factors to modulate activity of the pathway in model systems from Drosophila melanogaster to mammalian cells (9, 24, 29, 32, 41, 57, 58, 61) , we chose cardiac-specific transgenic expression of a dominant inhibitory mutant of Lef-1. The alternative of employing Tcf3/ Tcf4 gene-targeted mice was limited by the early lethality of these models, with Tcf3 Ϫ/Ϫ embryos dying at approximately embryonic day 9.5 (expanded and duplicated axial mesoderm structures [39] ) and Tcf4 Ϫ/Ϫ mice dying shortly after birth with a phenotype of complete absence of the stem cell compartment in the crypts of the small intestine (28) . Other models were considered, including transgenic expression of inhibitors of Wnt signaling (e.g., secreted frizzled-related proteins or Dickkopf proteins), but these seemed illogical since, as noted, our data suggest that hypertrophic stress-induced stabilization of ␤-catenin is Wnt-independent (21). Thus, although we realized the caveats that go along with expression of any dominant inhibitory mutant, we thought it was the best option, especially since it would be used to complement data from the conditional knockout.
In the Lef-1⌬20 transgenic mice, there was a dramatic reduction in cardiomyocyte growth. Indeed, we were unable to find examples in the literature of more profound growth retardation than that seen in the Lef-1⌬20 transgenic cardiomyocytes, and we asked why the phenotype was more extreme than that of the ␤-catenin conditional knockout. When ␤-catenin is not bound to Tcf/Lef family members, the Groucho/Grg/ Transducin-like Enhancer of Split family of repressors interacts with the Tcf/Lef family members ands recruit histone deacetylases, changing Tcf/Lefs from transcriptional activators to repressors (6, 11, 18, 25) . The Groucho binding domain is not deleted in the Lef-1⌬20 construct we employed (13) . Thus, Lef-1⌬20 not only prevents activation of ␤-catenin/Tcf/Lefdependent genes but also allows Groucho-mediated repression of these genes. This could be expected to produce a more complete inhibition of ␤-catenin/Tcf/Lef-dependent gene expression and thus a more profound phenotype than simple loss of ␤-catenin. The second reason is that deletion of ␤-catenin in the conditional knockout did not occur until 5 to 6 weeks of age, after the phase of rapid growth of the heart is completed. In contrast, the Lef-1⌬20 transgene is expressed at birth, and thus ␤-catenin/Tcf/Lef-dependent gene expression is suppressed during the first few weeks of life, the period of most rapid growth of the heart. This was likely the major contributor to the more profound cardiomyocyte phenotype of the transgenic mouse. Of note, low levels of expression do occur during development as well, as evidenced by the marked growth retardation and early postnatal mortality in the first transgenic line, in which the Lef-1⌬20 transgene was expressed in all cardiomyocytes.
Although the cardiomyocyte growth phenotypes of the ␤-catenin conditional knockout and the Lef-1⌬20 transgenic line were concordant, there were important differences between the two models. First, the Lef-1⌬20 transgenic line in which the transgene inserted into the X chromosome had markedly depressed contractile function. This is likely due to the very limited ability of the islands of severely hypotrophic cardiomyocytes (Fig. 4G ) to generate much force during contraction. In addition, wall stress, a measure of the load placed on the heart during contraction, is inversely proportional to the square of the wall thickness. Since wall thickness was ϳ20% less in the Lef-1⌬20 transgenic line, increased wall stress can be expected to have contributed to the impaired contractile function. The early postnatal lethality in the first transgenic line, in which all cardiomyocytes are markedly reduced in size, probably arose from contractile failure.
Another finding of note was that total LV mass was maintained in the X-integrated transgenic line, despite the markedly reduced size of roughly half of the cardiomyocytes. This was not explained by increased fibrosis in the transgenic line (data not shown). Rather, it appears that the myocytes not expressing Lef-1⌬20 hypertrophied, presumably in an attempt to compensate for the depressed contractile function, since they were on average ϳ30% larger in width than cardiomyocytes isolated from wild-type mice.
Finally, we were surprised that complete loss of ␤-catenin within the adherens junction did not have any apparent adverse consequences for the heart. We have now monitored the mice out to 7 months of age, and by echocardiography there is no obvious alteration in LV structure or function. It is possible that increases in ␥-catenin may have substituted for the loss of ␤-catenin (37), although in the short term we saw no clear evidence of this.
In summary, ␤-catenin/Tcf/Lef signaling is central to both the physiologic and pathological hypertrophic growth of cardiomyocytes. Thus, it appears that ␤-catenin/Tcf/Lef signaling is not only a regulator of proliferation versus differentiation in cycling cells but is also capable of regulating growth of noncycling, terminally differentiated cells.
